Objective: Temporal lobe resection is an established treatment for medication-resistant temporal lobe epilepsy, which in recent years has increasingly been performed in children. However, little is known about the long-term outcome in these children. The aim of this study was to characterize intellectual and psychosocial functioning of children after temporal lobe resection as they progress into late adolescence and adulthood.
Medication-resistant temporal lobe epilepsy (TLE) is often caused by brain abnormalities such as tumors or hippocampal sclerosis. Surgical removal of such lesions results in excellent seizure control. 1 When surgical treatment for TLE in children is considered, factors such as the impact of seizures and medication on brain development and function have to be taken into account. 2 Because children with poor seizure control show a decrease in intellectual functioning over time, 3 it is thought that early surgical intervention could reduce the severity of cognitive impairment. 4 Short-term intellectual outcome in children after temporal lobe surgery is relatively well documented. Although many follow-up studies span up to 2 years after surgery, showing little or no group changes in IQ, [5] [6] [7] [8] long-term follow-up studies commonly extrapolate outcome from only a few individuals because of considerable within-study variation in follow-up duration, [9] [10] [11] ranging from 6 months to 10 years. Previous studies have suggested that seizure frequency, 12 memory function, 13 and intelligence 11 may show late changes after temporal lobe surgery. Long-term follow-up studies are therefore required to determine the more stable levels of cognitive functioning, allowing for postsurgical recovery and functional reorganization.
Because previous studies have shown a relationship between IQ in childhood-onset TLE and brain tissue volumes, 14 we set out to explore this relationship. Finally, longer-term outcome studies can also serve to answer questions regarding the psychosocial outcome of children with temporal lobe surgery as they progress into adulthood.
METHODS Participants. All patients who underwent temporal lobe resection for epilepsy associated with hippocampal sclerosis or dysembryoplastic neuroepithelial tumors between 1992 and 2002 at Great Ormond Street Hospital NHS Trust (GOSH) were contacted for participation in this study. Inclusion criteria were preoperative medication-resistant epilepsy, single pathologic diagnosis, a minimum follow-up period of 5 years, and minimum age of 16 years at follow-up. All surgical patients underwent temporal lobe resection performed by the same neurosurgeon (W.H.). Of 60 patients identified as potential candidates for this study, 42 (70%) participated in the research. The mean interval between surgery and follow-up was 9 years (range, 5-15 years). Of the 18 patients who did not participate, 6 could not be located, and 12 declined. Demographic details of study participants and those lost to follow-up are given in table 1. The 18 surgery patients lost to follow-up did not differ significantly from those recruited in terms of preoperative seizure burden and level of cognitive functioning. Of the 12 who de-clined, 4 patients had a degree of disability that impeded them from taking part.
In addition, all patients who underwent preoperative investigations for epilepsy surgery at GOSH between 1992 and 2002 but did not undergo surgery at our center were identified as potential control subjects for this study and were contacted for participation. Inclusion criteria were age 16 years or older at follow-up, medication-resistant epilepsy at the time of initial investigation for epilepsy surgery, a minimum follow-up period of 5 years after initial investigation, IQ data available from time of initial assessment, and focal temporal lobe abnormalities seen on MRI with corroborating findings from EEG investigations, functional imaging studies, or both. Eleven control participants were recruited into the study. In 5 participants, evidence for unilateral hippocampal volume loss was visible on MRI. This control group was comparable to the surgical group in terms of age at onset of epilepsy and duration of follow-up as well as preoperative IQ (table 1). In the majority of participants, surgery was not offered because of discordance of EEG and SPECT or PET changes in comparison with MRI findings.
Standard protocol approvals, registrations, and patient consents. Ethics permission for this study was granted by the GOSH Ethics Committee, and fully informed written consent was obtained from each participant.
Procedures. Preoperative and postoperative clinical assess-
ments. Clinical workup. All patients underwent a presurgical evaluation, which included neuropsychologic assessment, ictal and interictal EEG, and MRI. For the surgical group, all available presurgical MRI scans (available for n ϭ 31, 74%) were obtained from records. These MRI scans were acquired on a 1.5-T Siemens Vision System (Siemens, Erlangen, Germany) and included a volume T1-weighted scan using a 3-dimensional magnetization-prepared rapid gradient echo sequence (repetition time ϭ 10 msec; echo time ϭ 4 msec; flip angle ϭ 12 degrees; voxel size ϭ 1.0 ϫ 1.0 ϫ 1.25 mm).
Neurodevelopment/cognition. Data from all previous IQ assessments performed at GOSH were collected. Throughout the follow-up period, a number of different Wechsler intelligence scales were used (Wechsler Intelligence Scale for Children [WISC]-Revised, WISC-III, Wechsler Adult Intelligence Scale [WAIS]-Revised, and WAIS-III). The intercorrelations between the different test versions observed in this sample were high: WISC to WISC (n ϭ 37): R ϭ 0.89; WISC to WAIS (n ϭ 32): R ϭ 0.91; and WAIS to WAIS (n ϭ 17): R ϭ 0.89 (all p Ͻ 0.001). Preoperative IQ data were available in all but 4 patients (one patient was too young and 3 were not testable). Thirty-seven patients underwent intermediate testing (often at 1, 3, and 5 years after surgery). Baseline IQ refers to the IQ scores obtained most immediately preceding surgery. In 2 patients in whom initial surgery did not yield seizure control and more extensive surgery was undertaken at a later date, baseline IQ was obtained immediately preceding the first surgery. For the nonsurgical control group, baseline IQ denotes the first assessment performed at our center.
Long-term follow-up assessment. Neurodevelopment/cognition. Intellectual functioning was measured using the WAIS-III UK, 15 yielding a full-scale IQ (FSIQ), verbal IQ (VIQ), and performance IQ (PIQ).
MRI. Investigations were performed on a 1.5-T Siemens Avanto system. Three-dimensional volume T1-weighted scans were acquired using a 3-dimensional fast low-angle shot sequence (repetition time ϭ 11 msec; echo time ϭ 5 msec; flip angle ϭ 15 degrees; voxel size ϭ 1.0 ϫ 1.0 ϫ 1.0 mm).
Quality of life and socioeconomic outcome. The Quality of Life in Epilepsy Questionnaire (QOLIE-36 UK) 16 assesses illness- Table 1 Demographic data for surgical and nonsurgical groups recruited into the study and for surgical patients who were lost to follow-up a specific aspects, including seizure and medication concerns, as well as more general traits (e.g., energy levels and emotional well-being).
Seizure-independent quality of life was also calculated, using only items of the QOLIE-36 UK that did not inquire about seizure status and medication. Socioeconomic outcome was measured using the Socioeconomic Development Questionnaire. 17 MRI analysis. For the surgical group, presurgical and postsurgical gray matter and white matter volumes were obtained using the VBM toolbox (developed by C. Gaser, University Jena, Germany, dbm.neuro.uni-jena.de/vbm/) for SPM5 (Wellcome Department of Imaging Neuroscience, www.fil.ion.ucl.ac.uk). This program uses the unified segmentation procedure implemented in SPM5, 18 modified to include a Hidden Markov Field model as an additional spatial constraint (dbm.neuro.uni-jena.de/vbm/ markov-random-fields/). 19 The segmentation algorithm is based on a Gaussian mixture model, but in contrast with the default SPM5 algorithm, the final tissue probabilities are estimated without tissue priors. 20, 21 All segments were visually inspected for accuracy. For measurement of resection volumes, lesion maps were created using MRIcro software (C. Rorden, www.cabiatl. com/mricro/). The resection was manually traced on the volume T1-weighted images, using as reference the intact hemisphere contralateral to the resected temporal lobe.
Statistical analysis. Group differences in demographic, cognitive, and psychosocial data were tested using independent sample t tests, analysis of variance, and 2 or Fisher exact tests where appropriate. Changes across time in IQ scores were tested using repeated-measures analysis of variance. Changes in IQ and brain volume were calculated by subtracting baseline from follow-up values. All positive changes thereby index increases, whereas negative changes index decrements. Partial correlations and multiple linear regression analyses were used to identify factors associated with IQ change. Factors entered into the regression model for IQ change were preoperative FSIQ, number of prior IQ assessments, current use of antiepileptic medication, age at onset, duration of epilepsy, surgery, time since last seizure, and current seizure status. Patients with missing values were excluded from analyses. Diagnostic analyses included examination of influential points, normality of residuals, and multicollinearity.
RESULTS Group representativeness and matching.
The surgical group recruited and the group of patients lost to follow-up did not differ in terms of age at surgery, age at seizure onset, or preoperative FSIQ (all p Ͼ 0.185) (table 1) . Furthermore, surgical and nonsurgical groups did not differ in terms of age at seizure onset, age at follow-up, or preoperative FSIQ (all p Ͼ 0.147).
Seizure outcome and medication. At baseline, 45% of the surgical group and 27% of the nonsurgical control group experienced daily seizures, with the remainder of participants experiencing seizures less than once a day ( 2 ϭ 2.3, p ϭ 0.314, not significant). Both groups showed improved seizure control at follow-up. However, as expected, fewer control participants (36%) compared with surgical patients (86%) were seizure-free at follow-up (Fisher exact test, p ϭ 0.002). When seizure types were considered, the control group reported a greater proportion of complex partial seizures than the surgery group (Fisher exact test, p ϭ 0.023), but no difference in simple partial or generalized seizures was found. Furthermore, the proportions of surgical patients and control participants who were taking antiepileptic drugs (AEDs) at follow-up were 43% and 73%, respectively (Fisher exact test, p ϭ 0.076). The nonsurgical group used on average a greater number of AEDs at baseline and follow-up than the surgery group (table e-1 on the Neurology ® Web site at www.neurology.org).
Changes in intellectual functioning. Preoperatively, the distribution in IQ scores was skewed toward the low end of the spectrum ( figure 1A) . The distribution at long-term follow-up has a resemblance to a normal distribution. Indeed, the mean FSIQ improved in surgical participants but remained unchanged in control participants (group by time interaction: F 1,47 ϭ 4.8, p ϭ 0.033) ( figure 1B) . At an individual level, a gain in FSIQ of at least 10 points was observed in 17 surgery patients (41%) and in one control participant (9%). The individual change scores for the surgery group are shown in figure 1C, grouped according to preoperative IQ range. Only one patient, who had undergone a second surgical procedure due to poor seizure control after the first, showed an equivalently high loss (case A in figure 1C). However, he had had an IQ reduction by 22 points before this second procedure, which eventually rendered him seizure-free. The overall loss of 13 points at follow-up therefore includes an improvement of 9 points since the initial surgical procedure.
Hemisphere-dependent changes. Changes in VIQ and PIQ were dependent on the side of surgery (interaction of task by side, F 2,46 ϭ 5.1, p ϭ 0.01) (figure 2). Post hoc t tests showed that PIQ improved in both left-and right-sided surgery groups, but VIQ improved only in the left-sided surgery group.
Longitudinal analysis of the surgery group. The IQ profile over time varied greatly among the individual patients. In those who had more than one postoperative IQ assessment, only 23% of the variance in long-term FSIQ change was predicted by FSIQ change at the initial postoperative assessment (mean ϭ 1.5 years) after 2 patients with repeated surgery were excluded (R ϭ 0.48, p ϭ 0.011). No significant change in FSIQ was present during the follow-up periods up to 6 years (one-sample t tests, all p Ͼ 0.637) (figure 3). Group changes in IQ were only apparent at 6 -8 years (t ϭ 2.2, p ϭ 0.05) and longer than 8 years (t ϭ 4.6, p Ͻ 0.001). To investigate whether changes in Wechsler IQ test versions could account for these findings, we restricted the longitudinal analysis to changes measured using the same test version. These findings, albeit in a smaller subgroup of surgical patients, mirror the longitudinal profile observed across the whole sample.
Brain structural correlates of FSIQ change. There were no volume differences according to pathology or side of surgery in any of the preoperative and postoperative tissue and brain volumes or for the volume of resection (table e-2). Only interindividual variability in presurgical to postsurgical tissue volume changes will be considered here, because different MRI scanners were used at baseline and follow-up. Partial correlations, controlling for time between scans, sex, and volume of resection, revealed associations for change in gray matter volume (i.e., the difference in preoperative to postoperative volume) and change in FSIQ (R ϭ 0.57, p ϭ 0.002) (figure 4) but no relationship with change in white matter volume (R ϭ 0.24, p ϭ 0.244).
Furthermore, at each time point, partial correlations with FSIQ (controlled for age at scan and sex) were significant for total gray matter volume (preoperative: R ϭ 0.57, p ϭ 0.002; follow-up: R ϭ 0.43, p ϭ 0.019) and white matter volume (preoperative: R ϭ 0.55, p ϭ 0.003; follow-up: R ϭ 0.57, p ϭ 0.001).
Predictors of FSIQ change.
Stepwise multiple regression analysis was used to determine predictors of FSIQ change in the whole cohort (excluding surgical and MRI variables). Negative predictors (F 2,46 ϭ 8.0, p ϭ 0.001, R 2 ϭ 0.26) were current antiepilep-tic medication (␤ ϭ Ϫ0.47) and preoperative FSIQ (␤ ϭ Ϫ0.32), the latter reflecting the relationship shown in figure 1C . Clinical variables including age at onset of epilepsy, duration of epilepsy, number of prior IQ assessments, surgery, time since last seizure, and current seizure status were not significant. Repeating this analysis in seizure-free patients as well as in the surgical cohort (with inclusion of age at surgery and pathology type) identified the same predictors. An exploratory regression analysis of the different AED types in the total sample at follow-up (table e-1) revealed that use of topiramate was a single negative factor associated with IQ change (␤ ϭ Ϫ0.43, p ϭ 0.002). An exploration of seizure types at follow-up (simple partial, complex partial, and generalized) did not reveal any significant contribution to IQ change.
A further analysis was performed to assess the contribution of gray and white matter volume changes to FSIQ change in the surgery group. Only change in gray matter volume (␤ ϭ 0.55) was a predictor of FSIQ change (F 1,27 ϭ 11.5, p ϭ 0.002, R 2 ϭ 0.30). Volume of resection, change in white matter volume, and the above clinical variables were not predictive.
Psychosocial and quality-of-life outcome. Total quality-of-life scores were higher in the surgery group (table e-3) . A stepwise regression analysis, which in- cluded FSIQ, AED use, surgery, and seizure status as factors, confirmed that total quality of life was mainly determined by seizure freedom (␤ ϭ 0.44, p ϭ 0.001). No other outcome measure differed between groups. The same measures were explored in relation to seizure freedom across both groups. A higher proportion of participants with continuing seizures held a statement of disability (75% compared with 23% in seizure-free participants; 2 ϭ 10.5, p ϭ 0.001), whereas no difference was seen at baseline (31% and 42%, respectively). Seizure freedom was also associated with a higher seizureindependent QOLIE-36 UK score ( p ϭ 0.045). DISCUSSION We find improved intellectual functioning in long-term follow-up of individuals who underwent temporal lobe resection in childhood; this outcome was not observed in a well-matched nonsurgical control group. At a group level, this improvement was observed only after a postoperative period of 6 years or more. The increase in FSIQ was associated with cessation of antiepileptic medication and correlated with changes in total brain gray matter volume. Furthermore, there was a high rate of seizure control after surgery, which was related to improved quality of life. Children at the low end of the IQ spectrum improved more after surgery than those with average and high average IQs. Whereas the possible statistical confound of regression toward the mean 22 cannot be excluded in our study, this effect was not observed with FSIQ changes at the first postoperative assessment. Greater postsurgical cognitive improvements in children with lower preoperative IQs have also been noted in previous studies. 6, 10, 11, 23 IQ changes in this cohort were only seen 6 or more years after surgery, similar to findings in other cohorts. 11, 24 In comparison, the fact that studies with shorter duration of follow-up typically do not find improvements in intellectual functioning 5, [25] [26] [27] [28] suggests that a prolonged period is required for cognitive recovery and subsequent development.
We found a robust relationship between change in gray matter volume and FSIQ. The lack of a contribution of resection volume to this relationship may seem paradoxical at first glance; however, the average temporal lobe resection represents only about 1.5% of total brain volume. The relationship between IQ and gray matter changes in our cohort is consistent with other longitudinal data 29, 30 (see appendix e-1 for further discussion). This observation is also strengthened by the cross-sectional finding that brain tissue volumes correlated with IQ at both preoperative and postoperative assessments, in agreement with a previous report. 14 The neuroanatomic basis of the observed gray matter changes is not known but may consist of a mixture of changes in cortical thickness, surface area, and volume changes in subcortical regions that have been documented in patients with chronic TLE. 31
Figure 2
Hemisphere-dependent changes in verbal IQ (VIQ) and performance IQ (PIQ)
Preoperative to postoperative changes in VIQ and PIQ scores in nonsurgical control and left-and right-sided surgery groups. *Significant IQ changes (post hoc one-sample t tests, p Ͻ 0.01).
Figure 3 Longitudinal profile of IQ changes
Preoperative to postoperative full-scale IQ changes across time after surgery, shown for subsequent 2-year periods (positive values denote IQ gains). Note that only a proportion of all patients were assessed during each time period (indicated as a percentage of the total group). *Significant changes (one-sample t tests, p Յ 0.05).
Cessation of antiepileptic medication was the strongest predictor of IQ increase, even after exclusion of patients with continuing seizures, which lends support for the concerns about the potential impact of long-term AED use (in particular of topiramate) on cognitive development. 32 Given recent evidence for the detrimental effects of such drugs on neurodevelopmental processes, such as apoptosis and neurogenesis, 33 our findings call for controlled investigations into the timing of drug withdrawal after epilepsy surgery and seizure cessation.
Seizure freedom was the most significant predictor of enhanced psychosocial outcome in this study, associated with higher quality-of-life scores and a lower percentage of patients with a statement of disability. These findings are in agreement with other studies in adults 5, 34, 35 and children. 2, 36, 37 It is worth highlighting some limitations to this study, including the relatively small sample size and the retrospective nature of the information on AED use and seizure burden. Surgical and nonsurgical groups are likely to differ in a number of aspects, including pathologic diagnosis. The control group may have presented with a more complex seizure disorder or less focal seizure onsets than the surgical group, as evidenced by the number of discordant or bilateral EEG findings. The study was developmental in nature, and the same psychometric tests were not used at baseline and follow-up, which may have resulted in systematic changes in IQ. 6 However, our nonsurgical comparison group allowed us to estimate the effect of these potential confounds. Although Wechsler intelligence scales are susceptible to practice effects, 38 FSIQ change was not correlated to the number of postoperative IQ assessments conducted with each individual. Furthermore, VIQ improvements showed side specificity, seen only in patients undergoing left temporal lobectomy, suggesting that practice effects and switching between test versions are unlikely to fully account for the IQ changes seen. These changes may reflect a reversal of preoperative VIQ decline. 3, 39 A similar pattern has also been reported in adults after left temporal lobe surgery. 40 Overall, intellectual gains observed in surgically treated patients with TLE in our study are striking when viewed in the context of the risk of cognitive deterioration documented over the medium term in conventionally treated patients with early-onset TLE. 3, 39 
